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ABSTRACT

LiSTGARTEN, M. A. (Harvard School (of l)ental
Medicine and Forsyth 1)ental Center, Boston,
Mass.), AND S. S. SOCRANSKY. Electron microscopy
of axial fibrils, outer envelope, and cell division
of certain oral spirochetes. J. Bacteriol. 88:1087-
1103. 19(i4.-The ultrastructure of axial fibrils
and outer envelopes of a number of oral spirochetes
was studied in thin sections and by negative con-
trast. The axial fibrils measured 150 to 200 A in
diameter. Only one end of each fibril was inserted
subterminally into the protoplasmic cylinder by
means of a 400 A wide disc. The free ends of fibrils
inserted niear one end of the cylinder extended
toward, and overlapped in close apposition, the
free ends of fibrils inserted at the other end. In
thin sections, some axial fibrils showed a substruc-
ture, suggestive of a dense central core. The outer
envelopes of most spirochetes appeared to consist
of 80 A wide polygonal structural subunits. How-
ever, in one large spirochete, the outer envelope
demonstrated a "pin-striped" pattern. Cell divi-
sion in a pure culture of 'Treponetna tnicrodenti?on
was studied by negative contrast. Results sug-
gested that this organism divides by transverse
fission, the outer envelope being last to divide.
During the course of division, new axial fibrils
appeared to originate on either side of the point of
constriction of the protoplasmic cylinder. Flag-
ellalike extensions which were found in rapidly
dividiing organisms were due to protruding axial
fibrils, and appeared to be the result of cell divi-
sion. Some evidence is presented to support the
concept of a homologous origin for axial fibrils and
flagella.

Relatively little information was available on
the detailed morphology of bacteria until the
electron microscope was employed to investigate
their structure. The identification of spirochetal
morphology was hampered still further by the
obstacles encountered in cultivating spirochetes

I Present address: Faculty of Dentistry, Uni-
versity (f Toronto, Toronto, Ontario, Canada.

on artificial media. However, soon after the intro-
duction of the electron microscope, a number of
investigators began to shed some light on the
ultrastructure of spirochetes obtained both from
artificial culture media and directly from patho-
logical lesions (AMorton and Anderson, 1942; Wile,
Picard, and Kearney, 1942; Wile and Kearney,
1943; 'Mudd, Polevitzky, and Anderson, 1943;
Hampp, Scott, and Wyckoff, 1948; WAatson et al.,
1951; -Morton Rake, anti Rose, 1951). 'lhe ma-
jority of these investigators employed shadowed
preparations which revealed flagellalike struc-
tures inserted subterminally on the slirochetal
cell. According to Swain (1955), excessive wash-
ing of the organisms with dlistilled water resulted
in the disruption of the sl)irochetes, which led
many investigators to the mistaken conelusion
that s)irochetes were flagellated organisms. Later,
workers using careful methods of preparation
showed that slpirochetes consisted of three main
structures, namely, a l)rotol)lasmic cylinder, vary-
ing numbers of axial fibrils with terminal or sub-
terminal insertions, and an outer envelope (I3rad-
field and Cater, 1952; Czekalowski and Eaves,
1955; Swain, 1955, 1957; Berger, 1958; Varpholo-
meeva an(l Stanislavsky, 1958; 13abudieri, 1960).
The controlled enzyme digestion of the outer en-
velope (Bradfield and Cater, 1952; Swain, 1955)
or its dissolution with deoxycholate (Swain, 1957)
allowed these investigators to demonstrate that
in most species the fibrils were probably con-
tained in the space between the lprotol)lasmic
cylinder and the outer envelope. 'More recent
studies of ultrathin sections supl)lied additional
information on the fine structure of the ploto-
plasmic cylinder (Kawata, 1957, 1961; Simpson
and White, 1961; -Miller and Wilson, 1962; Ryter
and Pillot, 1963; Listgarten, Loesche, and Socran-
sky, 1963), and provided conclusive proof that
the axial fibrils are located between the proto-
plasmic cylinder and the outer envelope. 'Most of
these recent studies described the existence of a
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more or less granulai cytolplasm containing clear
central areas of a filamentous or reticular nature.
'T'his reticular area is not se)arated from the re-

maining cytop)lasm by any detectable membrane,

and is thought to rel)resent a nu(cleoid body simi-
lar to that found in otheI bacteria (Kawata, 1957,
1961; Ryter and l'illot, 1963). Listgarten et al.
(1963) also noted in Treponema microdentiurn the
existence of concentiic laminations in a few cross-

sections of the l)rotol)lasmic cylinder, the sig-
nificance of which is not understood. In the
Reiter trelponeme, concentric lamellations have
been described in localized areas within the cvto-

plasm (Ryter an( l'illot, 1963). Simnilar observa-
tions were made by Ritchie (1963) in Leptospira
pomona. Ryter and Ilillot (1963) and Ritchie
(1963) stated that these lamellated areas are sug-

gestive of mesosomes, which are cytoplasmic
organelles of uncertain function l)reviously
described in a variety of bacteria and thought to
b)e related to the formation of transverse septa.
Rvter and lPillot (1963) considered the outer
envelope of the Reiter treponeme to rep)resent the
cell wall of the organism. They described it as a

structure of 70 to 90 A in width, consisting of two
d(ense outer leaflets and an inner less-dense leaflet.
The existence of a cYtol)lasmic memnbrane con-

sisting of two dense leaflets closely adapted to the
l)rotoplasmic cy-linder as also descr ibed in spiro-
chetes (Ryter and l'illot, 1963; Listgarten et al.,
1963).

T'he use of negatively stained l)rel)arations of
trelponemes has sul)l)lied new information regard-
ing the insertion of the axial fibrils into the proto-
l)lasmic cylinder. Ryter and Pillot (1963) stated
that these fibrils aire inserted at both ends of the
organism, in a subternminal position, byimeans of
"annular swellings." These authors believe that
these fibrils forim a bundle which is normally
stretched from one til) to the other in a manner

reminiscent of the axostvle of leptospira. They
state that because of their fragility these fibrils
break during the spreading of the organisms on a

flat surface. U-ntil recently, no evidence had been
Ipresented to suggest the existence of a substruc-
ture in the axial fibrils of spirochetes, although a

number of investigators described some sub-
structure in a variety- of bacterial flagella (Burge,
1961; Kerridge, Homne, and Glauert, 1962). How-
eVe1r, Bl3aden and Hampp (1964) recently oh-
served cross-striations on the axial fibrils of somne
oral spirochetes.

The lpurplose of the l)present investigation was to
study in greater dletail the substructure of ths
axial fibrils and the outer cell envelol)e of varioue
oral slirochetes, as well as the process of cell
livision in a pure culture of T. microdentiumt.

MIATERIALS AND MIETHOI)S

Isolation and cultivation of T. nmicrodentianm.
T. microdentiunm was sel)arated from other oral
organisms by inoculating gingival debris onto the
surface of 100-m,u -Millipore filters (Alillipore
Filter Corp., Bedford, 'Mass.) l)laced on the sur-
face of a medium consisting of PPLO broth with-
out crystal violet or serum (BBL) containing
0.7 lonagar # 2 (Consolidated Laboratories
Inc., Chicago Heights, Ill.). After 7 days of in-
cubation at 35 C in 95%Nc H2 and 5% C02, the
slirochetes were transferred to a medium con-
sisting of l'PLO broth (BBL); 0.1 %, glucose;
L-cysteine, 800 ,ug/ml; nicotinamide, 400 ,Ag/ml;
cocarl)oxylase, 5,g/ml; sodium isobutyrate, 20
A.g/ml; and spermine tetrahydrochloride, 150
,ug/ml. The cysteine and cocarboxylase were
filter-sterilized and added aseptically to the rest
of the medium which had been previously auto-
claved at 121 C for 10 min. Pure cultures were
obtained from the mixed spirochetes by use of a
combination of l)our lplates and shake tubes, as
well as by streaking in an anaerobic chamber as
previously described (Socransky, Mlacdonald, and
Sawyer, 1959).

Preparation of T. microdentiurn for thin section-
ing. Pure cultures of T. microdentiumi were col-
lected on the surfaces of 0.45-,u Millipore filters
and fixed on the filter surface by use of a modifi-
cation of the meithod described by Kellenberger,
Ryter, and S6chaud (1958). The details of the
procedure were described in a lprevious l)ublica-
tion (Listgarten et al., 1963). The filters sup)port-
ing the spirochetes were dehydrated in graded
ethanol solutions saturated with sucrose (50, 75,
95, and two 100%, solutions). Before immersing
the filter and sl)iro(hetes into the 100%7o alcohol,
the layer of organisms was separated from the
filter and subdivided into small blocks suitable
foIr embedding, by use of a sharp razor blade. The
dehydrated blocks were then embedded in Epon
No. 812 (Shell Oil Co., New York, N.Y.) accord-
ing to the method of Luft (1961). Sections (0.1 ,u)
were cut on a Porter-Blum microtome and col-
lected on carbon-reinforced Formvar-coated grids.
The slpecimens were stained by immersing the
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grids in a freshly filtered concentrated solution of
uranyl acetate in 50% ethanol for 20 to 60 min.
The grids were then washed with 50% ethanol,
blotted with filter paper, and left to dry.

Preparation of ultrathin sections of gingival le-
sions. Typically ulcerated gingival lesions were
obtained from eight patients of both sexes rang-
ing from 17 to 35 years of age, which included one
Negro, one Mongolian, and six Caueasians. All
patients had obvious clinical evidence of aeute
necrotizing ulcerative gingivitis (ANUG), as
evidenced by the presence of severe interdental
papillary necrosis on four or more gingival pa-
pillae. The gingival ulcers were excised by sharl)
dissection, with minimal displacement of the
tissues bv means of a No. 12 lBard-Barker blade
under regional or nerve block anesthesia, by us(
of 2 Xylocaine with e)inephrine in a concen-
tration of 1:100,000. The excised sample was
immediately immersed in ice-cold fixative for 30
to 45 min. The tissue was then subdivided into
thin slices and replaced in the fixative for a vary-
ing length of time, depending on the fixative used.
The fixatives included (i) 2% osmic acid, buffered
to p)H 7.4 with Veronal-acetate and osmotically
balanced by the addition of 8%c (w/v) sucrose
(Caulfield, 1957), and (ii) "Kellenberger fixative"
as described by Kellenberger et al. (1958). The
total fixation time was 2 hr in the 2%7o osmic acid
fixative and 3 to 4 hr in the, Kellenberger fixative.
The tissues were then dehydrated in graded solu-
tions of ethanol, embedded in Epon, and sec-
tioned as described above. The tissue sections
were stained by immersing the grids in a freshly
filtered, saturated solution of uranyl acetate for
5 min and rinsing in 50%/1, ethanol. The sections
were stained further with lead salts according to
the method of Millonig (1961) or Reynolds
(1963). The grids were then washed with 0.02 N
NaOH and 50%/, ethanol, blotted, and left to dry.

Negatively stained preparations. Gingival scrap-
ings were obtained from the patients in the study
by gentle curettage with a sterile instrument of
the necrotic material overlying the ulcerated
lesions. 'This material was kept on ice in a stol)-
pered glass vial until it could be mixed with dis-
tilled water to form a eloudy suspension. In all
instances, the material was suspended within 1 hr
of its collection. The suspension was mixed with
an equal volume of 3% phosphotungstic acid
buffered to pH 6.8 with 5 N NaOH. After gentle
agitation to allow thorough blending, a drol) of

the mixture was l)laced on a coated grid which
was blotted with filter paper after a few seconds.

Spirochetes grown in broth were examined by
negative contrast after mixing equal volumes of
broth and 3%', phosphotungstic acid, and following
the procedure described above.

All specimens were examined and photographed
in an electron microscole (model EMV-3G, RCA
Broadcast & Communications l'roducts D)ivision,
Camden, N.J.).

RESULTS

Axial fibrils. The axial fibrils of the various
spirochetes examined in this study measured be-
tween 150 and 200 A in diameter, and were in-
serted subterminally by means of diselike attach-
ments apl)roximately 400 A wide (Fig. 1 and 2),
similar to the "annular swellings" described by
Ryter and Pillot (1963) in the Reiter treponeme.
The fibrils made a sharp bend before becoming
inserted into the protoplasmic cylinder. rrhe axial
fibrils were not continuous from one end of the
spirochete to the other. Each fibril seemed to be
inserted at one end of the organism only, the free
end of each axial fibril extending toward the 01)-
posite end for a distance which varied from cell
to cell. Usually, the fibrils originating from op-
posite ends overlapped for a considerable p)ortion
of their length, giving the imlpression that the
organism had twice as many fibrils near the
middle than wer'e actually inserted at either end
(Fig. 3, 4, 5, and 6). This was most readily ob-
served in small spirochetes with few axial fibrils.
In rapidly dividing cultures of T. microdentiumn,
axial fibrils frequently extended past the opposite
end of the organism in a flagellumlike appendage
(Fig. 7). The formation of this fibrillar extension
appeared to follow cell division (see below).
No evidence of periodicity was observed on the

surface of the axial fibrils in any of the negatively
stained p)rel)arations. This is contrary to the re-
cent findings by Bladen and Hampp (1964).
However, in ultrathin sections of some large
spirochetes seen in the lesions of ANUIG, a sug-
gestion of a dense central cor'e was visible in soimie
of the fibrils (Fig. 8).

Outer cell envelope. The outer envelopes of all
the spirochetes examined in this study were
morphologically identical, with the exception of a
large spirochete found in the lesion of ANtUG.

In negatively stained prel)arations, the outer
envelopes of most sl)irochetes appleared to be
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FIG. 1. Extremity of spirochete in gingival scrapings. Aote termninal bend in axial fibrils leading to at-
tachment discs in protoplasmtic cylinder (arrows). Negative contrast. X 50,000.

FIG. 2. Axial fibrils inserted into a crushed protoplasmbic cylinder by means of attachment discs (arrows).
Negative contrast. X 69,500.

FIG. 3. Spirochete from Treponenia nmicrodentium culture showing "1-2-1" arrangement of axial fibrils.
Axial fibrils are in good relation to protoplasmic cylinder; (e) disrupted outer envelope. Negative contrast.
X 38,400.

FIG. 4. Partially disrupted spirochete front Treponema microdentium culture. Note point of insertion of
axial fibrils (arrows) and overlapping free ends. Negative contrast. X 18,400.
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(omposed of polygonal structural sublunits with
a diameter of 80 A sel)arated from each other by
20-A wide partitions (Fig. 9, 10, and 11). In the
center of each unit, a central core approximately
25 A in diameter was frequently found. The polyg-
onal subunits could also be seen in favorable
tangential sections (Fig. 12). In true cross-sec-
tions, the envelope of T. microdentiuii and of
some unidentified spiirochetes in the ANtG
lesion appeared to be composed of two electron-
dense lamellac separated by a less-dense space,
the total width of the envelope being al)l)roxi-
mately 140 A (Listgarten et al., 1963).
A large spirochete was oc(casionally found in

the lesion of ANUG which was characterized by
a different outer cell envelope. I'his envelope was
more resistant to disruption (Fig. 13), and did not
exhibit the flowing qualities and the tendency to
break up commonly observed with the other type
of envelope (Fig. 3, 5, and 6). In negatively
stained preparations, this envelope appeared to
have a "pin-striped" appearance (Fig. 12). In
areas where two layers of the envelope were super-
imposed, as in the intact envelope, a "Cr'oss-
hatched" appearance was observed (Fig. 12 and
15). The parallel stripes of the envelope were 150
to 160 A wide, and were sel)arated by a space
50 to 60 A wide. This envelope was recognizable
in encysted forms (Fig. 16) as well as in intact
spirochetes. The pin-stril)ed pattern was also
noticeable in tangential sections of the outer
envelope in the large spirochetes occurring in the
lesion of ANUG (Fig. 17). However, it was occa-
sionally difficult to distinguish in such sections
between the stripes of the outer envelope and the
axial fibrils.

Cell division. Because of the unusual relation-
ship of axial fibrils, outer envelope, and proto-
plasmic cylinder, it seemed worthwhile to inves-
tigate the method of cell division of these
organisms. To obtain a large number of cells in
division, the spirochetes wer-e examined during
their log phase. The pure strain of T. microden-
tiumn seemed best suited for this purpose, since it
demonstrated the typical structure of spirochetes
with a minimum of axial fibrils, i.e., only one fibril

originating at either end of the protoplasm-iic
cylinder (Fig. 3 and 4).

Log-phas( (ultures were characterized by or-

ganisms attached end to end to each other, ap-
parently as a result of transverse fission (Fig. 19).
Numerous organisms could be found which,
although well preserved, demonstrated what rme-
sembled flagellalike extensions, consisting of a
central fibril morlhologically identical to an axial
fibril, surrounded by a sleeve of material (on-
tinuous with the outer envelope of the organismi.
Furthermore, organisms could be found on cc(ca-
sion which had more than the two fibrils charac-
teristic of resting cells of this strain of s)irochetes.
A careful study of a large number of organisms in
various stages of division suggested the p)attern of
division diagrammatically illustrated in Fig. 18.
Figure 18A rel)resents a normal resting cell of
T. microdentiuni (also see Fig. 3). The first step in
cell div-ision consists of a pinching of the proto-
plasmic cylinder, the outer envelope remainiing
intact. New axial fiblrils appear to arise on either
side of the point of constriction (Fig. 18B). Fig-
ures 20 and 21 are electron photomicrographs of
this stage of division. Although the axial fibrils
are shown widely selparated in the diagrams, they
normally run in close apposition to one anothei.
Thus, diag,ram 18A rep)resents the normal
"1-2-1 " axial fibril arrangiement illustrated in
Fig. 3, whereas 18B represents a "1-2-3-3-2-1"
arrangement seen in dividing cells (Fig. 20 an(l
21). In a later stage of division (Fig. 18C), the
protoplasmic cylinders separate further so that
the organisms are united only by means of the
outer cell envelope (Fig. 22 and 23). Note that
in Fig. 18C and 22 one axial fibril from each
daughter cell extends beyond the plrotol)lasmic
cylinder. I)epending on the length of the original
axial fibrils in the lparent cell, one, two, or no
fibrillar l)rotrusions may be observed as the
daughter cells sel)arate. After division is coIll-
plete, the l)rotruding axial fibril surrounded by
its sheath of outer envelope may produce a
flagellumlike appendage (Fig. 7 and 24). Figure
18D rel)resents four incomp)letely separated or-
ganisms. Note that in this situation more than

FIG. 7. Flagellum-like projection of one axial fibril (arrow) in Treponema ni,icrodentiurm, probably follow-
ing recent division. A'ote that sheath s,urrounding fibrillar protruzsion is of a strulctuire simtiilar to that of (is-
rtupted envelope (e). N-egative contrast. X 39,000.

FIG. 8. Cross-section through large spirochete in gingival lesion of acutte necrotizing ulcerative gingiviti,
(ANUG). Note substructure of axial fibrils (f) suggestive of the presenice of a dense central core. Fibrilts ale
located between three dense layers of outer envelope (e) and two dense layers of mtemtibrane (tn) covering p,roto-
plasmic cylinder (p). Kellenberger fixation. X 216,000.
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three fibrils can be seen in apposition on the
protoplasmic cylinder. Figure 18E represents the
separated organisms of Fig. 181), writh v-arious
patterns of axial fibrillar l)rotrusion.

Spirochetes either in the resting phase or in
various stages of division frequently demon-
strated localized disruptions in the integrity of
the protoplasmic cylinder. These p)rotrusions fre-
quently occurred adjacent to a site of division
(Fig. 20 and 22). It is not known whetheI these
disruptions are artifacts of preparation or the
result of a local alteration of the protol)lasmic
cylinder.

DiscUSSION

The examination of tissue sections and scral-
ings from gingival lesions of patients wA-ith ANUG
has allowed Us to study oral spirochetes as they
occur within diseased tissues and in the debris
overlying the lesions, with minimal handling of
the organisms themselves.

Spirochetes in the tissues werIe easily recogniza-
ble because of their characteristic structure con-
sisting of a protolplasmic cylinder, surrounded by
axial fibrils, with an outer envelope covering both
cylinder and fibrils. In negatively stained prep-
arations, these structures could also be observed
but, in addition, the shape of the whole organism
was helpful in identifying it as a spirochete.
Our observation that axial fibrils originate at

each end of the p)rotoplasmic cylinder and have
overlapping free ends closely adapted to the
protop)lasmic cylinder is not in accord with the
findings of Ry-ter and Pillot (1963), in the Reiter
treponeme. These authors stated that axial fibrils
form a continuous bundle stretched from one
extremity of the organism to the other, in a
manner similar to the axostyle of leptospira. It
is of interest to note in this regard that, in a
recent report, Ritchie (1963) stated that in L.
pomlona the axostyle was not continuous be-
tween its terminal insertions, as has been form-
erly believed, and that in some regions of the
organism this structure appeared to be doubled.

No one, to date, has given conclusive evidence
that axial fibrils are continuous from their in-
serltion at one end of the protoplasmic cyl-
inder to their lpostulated insertion at the oppo-
site end. Van Iterson (1953), while noting the
resemblance of axial fibirils to bacterial flagella,
stated that their main difference depended on the
fact that the fornmer weire inserted at two l)oints,
probably both poles of the sp)irochete, whereas the
latter only had one point of insertion. The results
lpresented here will necessitate a reconsideration
of the validity of this difference as a criterion to
distinguish between bacterial flagella and axial
fibrils. The observations made by earlier workers
(_Morton and Anderson, 1942; MIudd et al., 1943;
Wile and Kearney, 1943; Hampp et al., 1948;
1Ioureau and Giuntini, 1956; IMorton et al., 1951)
of terminal or subterminal flagellation in spiro-
chetes were most likely due to the disruption of
the outer envelope and the consequent release of
the axial fibrils, which were only retained at the
single end where they Nere inserted, rather than
to the breakage of these fibrils, as has been sug-
gested (Bradfield and Cater, 1952; Swain, 1955;
Ryter and Pillot, 1963).
The resemblance of axial fibr ils to bacterial

flagella is worth noting. In addition to their simi-
larity in size, both types of fibrils demonstrate a
terminal "hook-like bend" (Van Iter son, 1953)
near their site of insertion, and both are attached
by means of sp)ecializerd structures variously
described as "annular swellings" (Rx\ter and
Pillot, 1963), "basal granules," or "blepharo-
plasts" (Houwink and Van Iterson, 1950; Grace,
1954; lPease, 1956; Tawara, 1957), "terlminal
knobs" (Czekalowski and Eaves, 1955; Miller and
WVilson, 1962; Ritchie, 1963), or "basal discs"
(Glauert, Kerridge, and Horne, 1963). There is
also some evidence, based on the enzymatic diges-
tion of cell walls (Wiame, Storck, and Vander-
winkel, 1955; Weibull, 1960), that bacterial
flagella are attached to the eytolplasmic body, in a
manner similar to the attachment of axial fibrils
demonstrated above. It is tempting to lpropose

FIG. 9. Polygonal strutctural soibunits in outer envelope (e) of a disrupted spirochete in gingival debris;
(d) attachment disc. Negative contrast. X 90,000.

FIG. 10. Polygonal subuinits in outer envelope of a small spirochete in gingival debris. Arrow points at a
subunit with central core. N-ote insertion of axial Jibrils into attachment discs (d) in protoplasmic cylinder.
Negative contrast. X 121,500.

FIG'. 11. Polygonal subunits in ooter envelope of a spirochete of intermlediate size, in gingival debris.
Arrows point at typical subunits with central core. NVegative contrast. X 187,300.

FIG. 12. Ultrathin section of a spirochete of internmediate size in a gingival lesion of AA\UG. Note poly-
gonal subunits in tangential section of outer envelope (arrow). Kellenberger fixation. X 46,000.
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FIG. 13. Laarge spirochete in gingival debris demlonstrating well-preserved outer envelope (e). Aegative
contrast. X 9,300.

FIG. 14. Portion of a large spirochete in ginggival debris similar to organismit in Fig. 13. Note "pin-striped"
pattern in torn portion of outer envelope (arrow). Where envelope is intact, a "cross-hatched" pattern is
formed by superimtposition at right-angle of "pin-striped" pattern. Negative contrast. X 69,000.

FIG. 15. Extremtity of a large spirochete in gingival debris demonstrating characteristic well-preserved
outer envelope (e), containing protoplasmic cylinder (p) and a nunmber of axial fibrils (f). Relationship of
these structures is typical of spirochetes. Aegative contrast. X 41,000.
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FIG. 16. Encystedform of a large spirochete in gingival debris. Note "pin-striped" pattern in center, and
"cross-hatched" pattern on periphery where stripes overlap at right-angle. Negative contrast. X 47,000.

FIG. 17. Ultrathin section of large spirochetes in gingival lesion of ANUG. Note striped pattern of outer
envelope in tangential sections indicated by arrows. A spirochete sectioned near its tip is visible in lower left
corner. Kellenberger fixation. X 63,000.
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protruision which would be pr-oduiced by separation

of daughter- cells shown in D. N'ote possibility of

one, two, or no flagella-like appendages.

that axial fibrils and flagella are homologous

structures, the flagella having become oriented

away from the cytop)lasmic body. Flagella either

may pass directly thriough the cell w..all, or may

form an outp)ouching in the wall, taking it along

as a surrounding sheath. This relationship has

been most convincingly demonstrated in Vibrio

nietch,nikovii by Glauert et al. (1963), and is also

found in Bacillus brevis (De Rober-tis and Franchi,

1952). A comparison of the chemical coml)osition

of flag,ella and axial fibrils would be of utmost

interest in confir-ming their homologous origin.

The function of the axial fibrils of spirochetes is

still not clear. The observation that axial fibrils in
T. microdentium and other oral spirochetes are
not continuous between the ends of the organisms
makes it more difficult to visualize how these
fibrils play a role in maintaining the spiral shape
of the organism or in assisting in its locomotion.
rThese fibrils are usually in close apposition in
well-preserved specimens. This suggests the
possibility that lateral bonds may be present
between adjacent fibrils. These bonds might allow
fibrils from opposite ends to slide over each other
in a fashion similar to that of muscle fibers (Han-
son and Lowy, 1962), thereby shortening the
end-to-end distance of the organism. However, we
have no evidence of any resemblance between
axial fibrils and muscle fibers. WVeibull (1950) in-
vestigated the composition of muscle fibers and
bacterial flagella, and found important differences
between the two in their qualitative amino acid
composition. In addition, flagella were devoid of
sulfhydryl groups. A tendency for bacterial
flagella to aggregate has been known for many
years (Weibull, 1960), and the close apposition of
axial fibrils may simply be due to the manifesta-
tion of a similar phenomenon.
The substructure of some axial fibrils shown in

Fig. 8 resembles the substructure of a-keratin
fibrils described by Rogers and Filshie (1963).
Astbury, Beighton, and Weibull (1955) showed
that bacterial flagella are protein in nature, and
give an X-ray diffraction pattern of a type closely
related to that of a-keratins. However, the
"9 + 2" arrangement of subfibrils described by
Rogers and Filshie (1963) in wool fibers has never
been definitely shown to exist, as had originally
been suggested by Astbury et al. (1955), in the
bacterial flagella examined to date by electron
microscopy. Although protofibrils in various
helical arrangements have been described in in-
dividual bacterial flagella, none has shown a
"9 + 2" pattern of organization.
The polygonal pattern observed in the outer

envelope of most oral spirochetes is similar to the
structural organization recently described in a
variety of membranous structures. Robertson
(1963) observed a morphologically identical struc-
tural subunit in the cell membrane of club endings
in Mauthner cell synapses of the goldfish brain.
Furthermore, the capsids of the IIerpes simplex
virus, as illustrated by Smith (1963), also show
the typical substructure described above, each
capsomere being the equivalent of a structural
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FIG. 19. Chain of spirochetes in a pure culture of Treponema microdentium in log phase. Negative con-
trast. X 9,500.

FIG. 20. Dividing Treponema microdentium. Note three fibrils on either side of division site and two fibrils
farther away. Comitpare with Fig. 18B. Also note localized disruptions of protoplasmic cylinder (s) on either
side of point of division. Negative contrast. X 46,000.

FIG. 21. Dividing Treponema microdentium. Note that daughter cells are beginning to separate, but are
still connected by outer envelope (e) and two axial fibrils (f). Compare arrangement of fibrils with Fig. 18B
and C. Negative contrast. X 54,000.
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subunit. Mlurray (1963) reported a complex hexag-
onal l)rismatic subunit in the cell wall of
Spirillumn serpens which he described as giving
the overall impression of a central 100 A polygon
with a hole in the middle. It maya be that the
polygonal structural subuinit is a universal build-
ing block possibly found in a number of mem-
branous structures.
The appearance of a l)in-stril)ed l)attern in the

cell envelope of the large spirochete seen in the
lesion of ANtUG p)atients does not necessarily
iml)ly the existence of an entirely different
structural subunit. The difference may simp)ly be
due to maskinY of the basic subunit by other
coml)onents of the envelope. It is interesting to
note in this connection that Pease (1956) oh-
served a striated cell wall in S. undula and that
Houtwink (1953), in an unidentified Spirillum and
in S. sGrpens, described globular subunits ar-
ranged in a hexagonal pattern which produced a
striated appearance on the outer face of the wall.
The three dense lay-ers of the outer envelope of

the large spirochete found in ANU-G lesions (Fig.
8) closely reisemble the "outer memnbrane" and
"intermediate lavei" described by Claus and
Roth (1964) in the cell wall of Acetobacter suboxy-
dans. These authors believe the intermediate layer
to be characteristic of the cell wall of gramn-nega-
tive bacteria. This moriphological evidence sug-
gests the p)ossibility that the outer envelope of at
least this spirochete is a modified cell wall.

Althou(gh we are aware of the difficulties in
studyling a dynamic process 1y means of electron
mi(croscopy, it X-as deemed worthwhile to svn-
thesize a working hypothesis of spirochetal cell
division which would satisfy the various observa-
tions recorded in log-phase spirochetal cultures.
OuI observations confirmed the evidence l)re-
sented by Ryter and Pillot (1963) that spiro-
chetes divide by transverse fission. In addition,
our hypothesis provides an exl)lanation for the
observation that three or more axial fibrils can
occasionally be encountered in dividing cells of
T. nticrodentiunt.

It has been shown that axial fibrils, imme-
diately after cell division, may extend beyond the
end of the lprotolplasmic cylinder into a flagellum-
like appendage. Although this fibrillar extension
could conceivably )lay some role in cell locomo-
tion, its role would be limited, since its presence is
probably only temp)orary. It seems to appear after
cell division and, because of its transitory nature,
is not likely responsible for the motility of resting
cells.
The concelpt presented here regarding the de-

velopment of new axial fibrils from the l)rotolplas-
mic cylinder adjacent to the site of division is not
unique. Pease (1956) described the appearance in
a lateral p)osition of extracellular flagella in S.
undula. She stated that the appearance of flagella
in this position frequently p)receded the fission of
excelptionally long sl)irilla, the newly divided
daughter sl)irilla being thus provided with a full
tuft of flagella. These observations by- 1ease
(1956) rega,rding the method of cell division in a
spirillum with "ext racellular" flagella furthler
suplorts the concel)t that flagella and axial fibrils
are hoinolog'ous structures.
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